The sequential histopathologic alterations in femorotibial joints of partial meniscectomized male and female guinea pigs were evaluated at 1, 2, 3, 6, and 12 weeks post-surgery. Foci of moderate to severe cartilage degeneration were present in the medial tibial plateau and femoral condyle of the operated leg by 1 week post-surgery. At 2 weeks post-surgery, the cartilage degeneration in the operated legs was more extensive and there was evidence of early chondrophyte formation on the medial side of either the femur or tibia in three animals. Changes were progressively more severe at 3,6, and 12 weeks. Focal areas of minimal to mild cartilage degeneration were in the medial tibial plateau of the contralateral nonoperated leg in some animals at 3 weeks post-surgery and in all animals at 12 weeks post-surgery. Changes in the contralateral leg of meniscectomized guinea pigs have not been described previously. Since cartilage degeneration was often severe by 1 week postsurgery, the model has limited utility for testing agents designed to modify the degenerative process in the operated leg. Milder, more slowly progressive lesions in the contralateral leg may be amenable to therapeutic intervention.
Osteoarthritis (OA) is a common affliction of aged human and some domestic animal specie^.^-^ Spontaneous and experimental animal models of OA allow investigation of pathogenesis and effects of chemotherapeutic agents on disease progression.
Experimental degenerative joint disease has been induced by a variety of different procedures in various animal species. Surgical models of OA using collateral ligament transection, partial or complete meniscectomy, cruciate ligament transection, or various combinations thereof have been described in the dog, rabbit, and guinea pig. The guinea pig is smaller and requires less space for housing. Also, less compound would be required than if dogs or rabbits were t e~t e d .~-~.~~J~ In guinea pigs, medial collateral ligament and anterior cruciate transection with partial medial meniscectomy resulted in severe lesions at 14 weeks post-surgery. 13 Minimal arthritic changes were present at 2 1 weeks in guinea pigs in which only the anterior cruciate and collateral ligaments were transected. Lesions were not described in the contralateral nonoperated knees of animals in either group, nor was any information given about the progression of the disease (i.e., whether the lesions were slowly progressive to the ultimate severity described or whether the cartilage degeneration was rapid following surgical intervention). Since osteoarthritis is generally thought to be a slowly progressive disease, knowledge of the rapidity of disease progression in animal models is important in determining the suitability of models for study of the degradative processes which occur.
In order to better characterize the development of OA in the guinea pig and to determine the suitability of this model of OA for the screening of potential chemotherapeutic agents, the present study was designed to determine the sequential histopathologic alterations in the operated and contralateral nonoperated femorotibial joints of partially meniscectomized male and female guinea pigs at 1, 2, 3, 6 , and 12 weeks postsurgery.
Materials and Methods
Hartley albino guinea pigs obtained from Murphy Breeding Labs (Plainfield, IN) were housed two of the same sex per cage in 63.5 x 24 x 18-cm stainless steel wire cages. Animals were fed Purina Certified Guinea Pig Chow A5026 ad libitum. At the onset of the study, the males weighed approximately 700 g and the females weighed about 600 g.
Partial medial meniscectomy was done on the right leg of 25 males and 25 females. The animals were anesthetized with Halothane@ (Halocarbon Laboratories, Inc., Hackensack, NJ) and nitrous oxide. The skin over the medial aspect of the right femorotibial joint was prepared for surgery by clipping the hair, followed by cleansing with Betadine@ (The Purdue Federick Co., Norwalk, CT). A 1-cm skin incision was made over the medial aspect of the joint. Blunt dissection allowed exposure of the medial collateral ligament which was transected to expose the medial meniscus. Approximately onehalf of the meniscus was removed. The skin incision was closed with one or two wound clips (AutoclipsB, Mikron Precision Inc., Parsippany, NJ). Ten animals, five males and five females, underwent sham surgery in which the joint capsule was opened by transection of the medial collateral ligament, but the meniscus was left intact.
Five groups (five males and five females each), of partially meniscectomized, with one male and one female sham-operated pigs, were observed for varying time intervals (1, 2, 3 , 6 , and 12 weeks), and then killed for histopathologic evaluation. The right and left femorotibialjoints from each were collected into neutral buffered formalin, decalcified for 48 to 72 hours with Surgipath Decalcifier I@ (Surgipath Medical Industries, Inc., Grayslake, IL), and processed for paraffin embedding. The joints were not disarticulated prior to fixation and sectioning to allow histologic sectioning of the entire joint so that the various components could be visualized in their normal anatomic orientation. Five micron whole joint sections were stained with hematoxylin and eosin (HE), and 8-wm sections were stained with toluidine blue. Multiple sections representing the anterior and posterior portion of the articular surfaces were prepared from each animal.
Results
Recovery from anesthesia was rapid and most animals were ambulatory within 15 minutes. Minimal shifting of body weight to the left rear leg was evident both in the early post-operative period and later in the study. Gross findings at 1 and 2 weeks post-surgery consisted of varying degrees of soft tissue swelling and hemorrhage in the area of the right medial femorotibial joint. With time, the enlargement in this location became firmer. No significant gross alterations were present in the left femorotibial joint. Sham-operated controls had mild soft tissue swelling and hemorrhage at the surgery site early in the study, but by 3 weeks postsurgery, there were minimal gross changes.
The lesions in the right femorotibial joint of partially meniscectomized male and female animals were similar at 1 week post-surgery. Focal areas of cartilage degeneration were present on the central or centromedial aspects of the medial femoral condyle and the medial tibial plateau ( Fig. 1 ). Chondrocyte loss and absence of toluidine blue staining often extended down to the tidemark (junction of noncalcified and calcified cartilage), and surface fibrillation was marked, especially on the tibia. Hematopoietic bone marrow in a few subjacent femoral marrow spaces was occasionally replaced by mesenchymal cells embedded in an eosinophilic amorphous material, suggestive of fibrin ( Fig.  1 ). The transected, unsutured joint capsule was markedly thickened as a result of fibroblast proliferation, abundant new capillary formation, hemorrhage, and fibrin exudation. Mild synovial cell hyperplasia was evident in the intact synovium on the lateral side. No lesions were present in the cartilage of the left femorotibial joint. Sham-operated animals had prolifera- tion of granulation tissue in the transected joint capsule but there were no lesions in the articular cartilage of either leg. At 2 weeks post-surgery, the cartilage degeneration in the right femorotibial joints ofboth male and female partially meniscectomized guinea pigs was more extensive, and in most animals, over half of the articular cartilage of the medial femur and tibia was affected. The lesions did not, however, extend beyond the tidemark. Mild chondrocytic clone formation was evident in one male. One male and two females had evidence of early chondrophyte formation on the medial side of either the femur or tibia. An attempt at meniscal regeneration originating in the proliferative tissue of the joint capsule was evident in one male. Granulation tissue in the joint capsule had closed the surgical incision, and collagen fibers were evident under polarized light. Synovial cell hyperplasia was increased slightly over that present at 1 week. Mildly increased metachromatic staining of the cartilage of the left femorotibial joint, especially on the medial tibial plateau, was evident in all animals. In three males, there was mild loss of cells in the superficial layer of the cartilage of the left medial tibial plateau. Aside from the granulation tissue in the transected joint capsule, no lesions were present in either femorotibial joint of sham-operated animals. At 3 weeks post-surgery, the right femorotibial joints had areas of severe cartilage degeneration, characterized by extensive cell loss and absence of metachromatic staining, with surface fibrillation and cleft formation. Mild chondrocytic clone formation was evident in some animals. The degenerative changes extended beyond the tidemark in three females and one male. Chondrophytes were present in four females and in all males, and early ossification centers were present in the chondrophytes of three of the males (Fig. 2) . One male had mild fibrillation, cell loss, and decreased proteoglycan staining of the left medial tibial plateau (Fig.  3) . Two other males and one female had mildly decreased cellularity of the superficial layer in this same location. No lesions were present in the articular cartilage of sham-operated controls at this or any of the subsequent time intervals.
All animals killed at 6 weeks post-surgery had marked medial chondrophyte formation in addition to the severe degenerative changes in the articular cartilage of the right femorotibial joints. Degenerative changes extended beyond the tidemark in three females and two males. Proliferation of mesenchymal cells, predominantly fibroblasts, was evident in the subjacent marrow. Partial ossification of the medial chondrophytes was evident in all animals, and smaller chondrophytes were present on the lateral aspect of the medial tibial plateau and medial femoral condyle of some animals. All of the males and two of the females also had mild degeneration of the cartilage of the left medial tibial plateau.
The lesions at 12 weeks post-surgery were similar in all partially meniscectomized animals. In the right femorotibial joints, chondrophytes were partially to completely ossified. The lesion in the articular cartilage extended beyond the tidemark in one or several areas, and proliferation of mesenchymal cells in the subjacent medullary cavity was evident (Fig. 4) . In some animals, differentiation to cartilage had occurred in these areas. Clone formation was prominent in the degenerated articular cartilage. The trabeculae of subchondral bone beneath the right tibial plateau were thickened in two females. In the left femorotibial joints, degenerative changes consisting of cell loss, surface fibrillation, and decreased metachromatic staining were present in the cartilage of the medial tibial plateau of all animals. Mild to moderate synovial cell hyperplasia was evident in both the right and left femorotibial joints of all animals.
Discussion
This study characterizes the development of chronic osteoarthritis (OA) in meniscectomized guinea pigs to determine the potential usefulness of this model for pharmaceutical testing. Since there are no consistently effective chemotherapeutic agents for the treatment of OA, the suitability of a model of the disease for drug testing cannot be determined by use of a known positive control. Therefore, it must be determined by evaluation of the disease progression and morphology of the lesions with comparisons being made to progression and morphology of lesions in human OA. Other factors important in determining suitability of a model for drug testing include simplicity of the procedure, lesion reproducibility, and size of the test animal. Partial medial meniscectomy of guinea pigs is a relatively simple, fast procedure (approximately 25 animals in 2 hours) which consistently produces lesions of moderate to severe cartilage degeneration in the operated knee by 1 week post-surgery. The smaller size of the guinea pig, as compared to dogs or rabbits, significantly reduces housing space requirements, thus allowing more animals in each experimental group. Ideally, an animal model of human disease, especially one used for drug testing, should have a similar pathogenesis and progression as the naturally occurring disease. The pathogenesis of primary OA is not clearly defined; however, it is known that secondary OA develops following meniscal injury or meniscectomy when meniscal regeneration is i n~o m p l e t e .~.~.~.~ Therefore, results using surgical models in animals are probably adequate for extrapolation to man, at least in the case of secondary osteoarthritis where a predisposing cause is known. However, in this surgical model, the lesion in the cartilage is usually severe by 1 week post-surgery. Therefore, with respect to its use for pharmaceutical testing of compounds designed to affect the degenerative process, it would likely be a very difficult model in which to achieve efficacy since chemicals with less than spectacular ability to enhance cell survival or prevent matrix degeneration would probably be missed. The milder, more slowly progressive lesion in the contralateral nonoperated leg might be more amenable to therapeutic intervention and hence a more sensitive indicator of potential therapeutic chemical efficacy.
The rapidity of onset of these severe lesions as a result of physical stress imposed on the articular surfaces by partial removal of the meniscus, a weight distributing structure, suggests that abnormal pressures may be responsible for the loss of chondrocytes and matrix deterioration. Cartilage subjected to compressive stress in vitro (approximately 1.5 times body weight) had decreased glycosaminoglycan synthesis and increased water content, changes that were reversible upon return to atmospheric pressure.I Increased water content in cartilage decreases the compression modules and probably results in decreased tensile and shear strengths.' I Since the abnormal pressures were recurrent in the meniscectomized joints in vivo, the matrix could have remained weakened and susceptible to degenerative changes induced by the shearing force associated with the normal oscillatory motion of the joint. These changes in the matrix, coupled with the severe loss of chondrocytes, which reduced the potential for regeneration of the matrix, resulted in progressive, severe, degenerative changes in the articular cartilage.
Mildly increased intensity of toluidine blue staining of the medial tibial plateau of the contralateral joint suggested that the animals shifted their weight to that surface in an attempt to remove some pressure from the operated knee. This change was first seen at 2 weeks post-surgery and coincided with the initial appearance of chondrophytes in the operated leg. Since cartilage is aneural, discomfort severe enough to result in shifting of weight to the contralateral leg probably did not become significant until these peripheral changes occurred. Minimal degenerative changes in the medial tibial cartilage of the contralateral knee of three males at 2 weeks post-surgery were unexpected, since this was not reported by other investigators. I 3 This lesion was apparently progressive, and by 6 weeks, all of the males and two of the females had mild degeneration of the medial tibial plateau of the left leg. The change in the contralateral leg may have been a result of increased pressure on the medial tibial plateau as animals shifted weight bearing from the operated to the nonoperated leg. However, results of subsequent studies in our laboratory suggest that guinea pigs have some tendency for spontaneous cartilage degeneration on the medial tibial plateau. This interpretation is supported by findings of Silverstein and Sokoloff in 1958 in a study in which they found a high incidence of OA in knee joints of retired breeder guinea pigs.I4 Surgical procedures or other stresses, such as alteration in weight bearing, may be enhancing the natural tendency of the guinea pig to develop cartilage degeneration in this area.
The granulation tissue proliferation in the transected synovial membrane was an attempt at second intention healing and possibly was increased slightly in intensity by the presence of synovial fluid in the periarticular tissues. Mild hyperplasia of the synovial lining may have been a response to the presence of cartilage degradation products in the synovial fluid. Synovial inflammation was minimal to mild in all animals throughout the study. Fibroblast proliferation and the mild early inflammation in the joint capsule probably were not important in the pathogenesis of lesions in the articular cartilage since sham-operated controls had similar changes in their joint capsules, but no cartilage lesions.
Chondrophyte formation was evident by 2 weeks post-surgery in some animals, and was prominent in all but one animal by 3 weeks. In this surgical model, chondrophyte formation may have been a result of joint instability created by the transected unsutured joint capsule, coupled with the partial loss of the meniscus and articular cartilage. However, the guinea pig seems to have a propensity for chondrophyte formation even in nonsurgical models such as the intra-articular iodoacetate model in which chondrophyte formation is observed by three weeks post-injection. l5 The lesions in the femorotibial joints of partial medial meniscectomized guinea pigs progressed from moderate to severe focal cartilage degeneration to diffuse severe cartilage degeneration with focal, multifocal, or diffuse eburnation by 12 weeks post-surgery.
Although clone formation was evident by 3 weeks postsurgery, it was not a prominent feature until 12 weeks. Also, differentiation of proliferated mesenchymal cells of medullary origin to chondrocytes was not readily apparent until this time point. These changes were considered to be attempts at repair, although chondrophyte formation with subsequent enchondral ossification and synovial membrane granulation tissue proliferation, which occurred earlier, should also be considered as reparative processes. The lesions at 12 weeks post-surgery in meniscectomized guinea pigs were similar to those present in severe, late stage human OA.
While there are questions regarding the suitability of the partial meniscectomy model for detecting effects of chemicals on cartilage degeneration, it would seem that effects of compounds on regeneration and chondrophyte or osteophyte formation could be successfully examined in the operated leg of partial meniscectomized guinea pigs. The milder, more slowly progressive lesions in the contralateral leg may be more representative of the disease process as it occurs in man.
